This study characterized the ability of a new member of the p35 family, p49, to inhibit a number of mammalian and insect caspases. p49 blocked apoptosis triggered by treatment with Fas ligand (FasL), Tumor necrosis factor-related apoptosisinducing ligand (TRAIL) or ultraviolet (UV) radiation but provided negligible protection against apoptosis induced by the chemotherapeutic drug cisplatin. The caspase cleavage site in p49 was determined, and mutation of the P1 residue of this site abolished the ability of p49 to inhibit caspases, implying that p49 inhibits caspases through an analogous suicide ± substrate mechanism to p35. Unlike p35, p49 inhibited the upstream insect caspase DRONC.
Introduction
Apoptosis is controlled through evolutionarily conserved molecular pathways that signal activation of a family of downstream effector proteases known as caspases. Apoptosis fulfills a number of vital roles in metazoans, including elimination of virally infected cells (reviewed in 1 ). A number of viruses employ strategies to evade this defensive apoptosis, including expression of proteins that inhibit caspases. 2 Such viral caspase inhibitors fall into three groups based on homology. CrmA is a serine protease inhibitor (serpin) and is a relatively specific inhibitor of Caspases-1 and -8. 3 The inhibitor of apoptosis (IAP) family comprises baculoviral, insect and mammalian members that function, at least in part, by directly binding and inhibiting active caspases. 4 The third group of caspase inhibitors is the p35 family of inhibitors.
The p35 family of anti-apoptosis proteins constitutes a distinct class of caspase inhibitors for which no cellular homologs have been reported to date. The best studied p35 protein is encoded by the Autographa californica nucleopolyhedrovirus (AcNPV) genome. 5, 6 A less potent relative from Bombyx mori nucleopolyhedrovirus (BmNPV) has also been cloned. 7, 8 p35 genes from other baculoviral strains have been identified but not published as yet. AcNPV-p35 strongly protects Caenorhabditis elegans, Drosophila melanogaster and mammalian cells against diverse apoptotic stimuli (reviewed in 9 ). This potent apoptosis suppression derives from p35's ability to directly inhibit almost all caspases studied, regardless of species of origin. 10, 11 p35 is also capable of inhibiting gingipain-R (a distant relative of the caspase family). 12 The mechanism of caspase inhibition by p35 has been reported as suicide-substrate inhibition, in which cleavage of p35 by the caspase 13 results in a conformational change, causing the covalent attachment of the amino-terminal fragment to the caspase. 14 ± 18 Interestingly, the activity of the Drosophila apical caspase DRONC is unaffected by p35, 19, 20 as is that of a candidate DRONC homolog from Spodoptera frugiperda, Sf-caspase-X. 21 p35 has also been reported to be incapable of inhibiting human Caspase-9 in vivo. 22, 23 A second member of the p35 family, termed p49, shares approximately 50% amino acid identity with AcNPV ± p35. p49 was isolated from Spodoptera littoralis nucleopolyhedrovirus (SpliNPV) by virtue of its ability to rescue insect cells from apoptosis triggered by infection with a p35 defective baculovirus. 24 In addition, Manji and Friesen refer to unpublished data demonstrating that unlike p35, p49 can block Sf-caspase-X activity. 25 The sequence of a second p49 gene from Spodoptera litura nucleopolyhedrovirus (SpltNPV) has been deposited in the database (accession AF207549), but has not yet been characterized.
This study characterized the ability of SpliNPV ± p49 to inhibit a number of mammalian and insect caspases, and to block apoptotic stimuli. The caspase cleavage site in p49 was determined, and mutation of the P1 residue of this site abolished the ability of p49 to inhibit caspases, implying that p49 inhibits caspases through an analogous suicidesubstrate mechanism to p35. Unlike p35, p49 inhibited the upstream insect caspase DRONC.
Results
Analysis of sequence homology within the p35 family of proteins
The p35 family consists of members encoded by genomes of different baculoviral strains. Sequence comparisons between members of the p35 family were performed to identify regions of potential functional importance (Figure 1 ). This comparison of predicted amino acid sequences encoded by the four p35 genes and two p49 genes identified to date deviated slightly from that published previously, in which only one p49 and one p35 were compared. 24 In accordance with the report of Du et al., caspase cleavage of p49 was predicted to occur after residues TVTD. 24 Strong sequence homology between all members of the p35 family was evident in the amino terminal half of the proteins, and at their carboxyl termini. The two p49 proteins contained insertions of short stretches of amino acids in the carboxyl half of the proteins, compared to their p35 relatives. Previous mutagenesis studies of AcNPV ± p35 indicated that insertions of di-peptides into these regions, predicted to form intervening loops between a-helices and bsheets, 14 did not alter the activity of p35. Figure 1 Multiple alignment of known p35 and p49 proteins. Black shading represents residues which are identical in at least 50% of sequences, gray shading indicates residues with similarity to conserved residues. The caspase cleavage site of AcNPV-p35 (underlined) aligns with caspase recognition sites within the homologs indicating conserved function. Mutations within AcNPV-p35 have been marked according to functional outcomes. 13 ± 18 Black circles are above amino acids where change results in loss of function. Open circles represent single amino acids where change does not affect function. Black triangles indicate where a di-amino acid insertion inhibits function whereas open triangles indicate where di-amino acid insertions have no effect. Note that residues for which mutations affect function tend to be those which are highly conserved between both the p49 and p35 members, whereas mutations in regions less conserved between family members are often functionally ineffectual. This study focuses on the p49 of Spodoptera littoralis nucleopolyhedrovirus (SpliNPV ± p49) p49 inhibits caspases and suppresses apoptosis AM Jabbour et al
Ability of p49 to inhibit caspase-dependent death in S. cerevisiae
Many caspases expressed at sufficient levels (or in engineered, auto-activating forms) cause death in the yeast S. cerevisiae. When a caspase is co-expressed with an inhibitor, such as p35, survival and growth of the yeast indicates caspase inhibition. 26 In this study we aimed to test whether, like p35, p49 could inhibit caspases in this system. We generated a series of expression constructs which directed expression of carboxyl terminally FLAG epitope tagged p35 (p35F) and p49 (p49F) at a range of levels. Under control of identical promoters, p49F was expressed at much lower levels than p35F. By expressing p35F under the control of a crippled GAL1/10 promoter (see Materials and Methods) and p49F from the intact GAL1/10 promoter, this difference was lessened, with p35F being expressed at approximately fivefold higher levels than p49F (Figure 2A ). These proteins and their untagged counterparts were assayed for caspase inhibitory potential using an autoactivating version of Caspase-3. As shown in Figure 2B , like p35, p49 could inhibit Caspase-3 induced death in yeast. The ability of the tagged proteins to inhibit Caspase-3 ( Figure 2B ) and other caspases (data not shown) was similar to that of the untagged proteins.
Expression of active forms of human Caspases-2, -3, -4, -5, -7, -8, and Drosophila caspases DRONC, drICE and DCP-1 induced death of S. cerevisiae (Figure 3) . To compare the caspase specificity of p49 to that of p35, these proteins or IAPs were expressed in yeast bearing inducible expression plasmids for various lethal caspases.
Like p35F, p49F exhibited broad caspase-inhibitory capability ( Figure 3 ). p35F and p49F protected against Caspases-2, -3, -7, drICE and DCP-1 to approximately the same degree. Interestingly, there were some variations in the antagonistic potential of p35F and p49F. p35F inhibited Caspases-5 and -8 more efficiently than did p49F. Whereas p35F provided partial protection against Caspase-4-induced death, p49F was inactive. We and others have previously demonstrated that DRONC is insensitive to inhibition by p35. 19, 20 In contrast, p49F protection against DRONCinduced death was observed in the yeast system ( Figure  3) . IAPs can inhibit a subset of caspases, so XIAP and DIAP-1 were used as controls in these assays. As previously demonstrated, XIAP was able to protect against Figure 2 Inhibition by tagged and untagged p49 of Caspase-3 induced death in S. cerevisiae. (A) Immunoblotting was used to compare expression levels of FLAG tagged p35 (p35F) and p49 (p49F). Lysate from an induced p49F transformant culture and twofold serial dilutions of a lysate generated from an equivalent amount of an induced p35F transformant culture were subjected to anti-FLAG immunoblotting. (B) Suspensions of yeast co-expressing tagged or untagged p35 or p49 with Caspase-3 were spotted in serial dilutions from top to bottom onto inducing medium (upper panels) and repressing medium (lower panels), to assay protection from caspase-3 induced lethality. Addition of a carboxyl terminal FLAG-epitope tag did not substantially affect inhibitory potential Figure 3 Inhibition of caspase induced death in S. cerevisiae. Expression of autoactivating forms of the indicated caspases (as detailed in Materials and Methods) was enforced in yeast, resulting in lethality when spotted in serial dilutions onto inducing medium (upper panels) but not repressing medium (lower panels). Spotting of co-transformants expressing p35F, p49F, XIAP or DIAP-1 permits visualization of the protection offered by these proteins against the death induced by each caspase. p49F inhibited human Caspases-2, -3, -5, -7, and -8 and Drosophila caspases DCP-1, drICE and DRONC Caspases-3, and -7 27 and DIAP-1 was able to protect yeast from death mediated by drICE, DCP-1 and DRONC. 19, 26 p35 has been reported to be incapable of inhibiting Caspase-9 in cellular contexts. 22, 23 It would therefore have been useful to determine the ability of p49 to inhibit Caspase-9. Unfortunately active Caspase-9 does not kill yeast, presumably due to differential specificity for vital yeast substrates. 28 When artificially activated, Caspase-9 processes pro-Caspase-3 and yeast death is observed. 28 As we have shown that both p35 and p49 inhibit Caspase-3, this method would not be feasible to assess the ability of p49 to inhibit Caspase-9 activity. Hence the ability of p49 to inhibit Caspase-9 could not be determined in this system.
Site directed mutagenesis of the P1 site causes loss of p49 activity
Previous studies have indicated that the caspases cleave p35 following the amino acid sequence DQMD.
87 (11, 13) . Mutation of the DQMD 87 P1 aspartate residue to alanine significantly reduced the ability of p35F to inhibit Caspases-2 and -3 ( Figure 4A ,B). Site directed mutagenesis was used to change the predicted P1 residue of p49 (D94) to an alanine residue as for p35. Analysis of p49F D94A activity when co-expressed in yeast with Caspases-2 or -3 indicated that the protective ability of p49F was completely abolished by the engineered mutation ( Figure 4A,B) .
To confirm that caspases cleaved p49 at TVTD 94 , 35 Slabeled in vitro translated p49 and p49 D94A were incubated with recombinant caspases. Cleavage of p35 or p49 correlated with the disappearance of full-length proteins with increasing caspase concentrations. For p49, appearance of a cleavage product was also observed ( Figure  4C,D) . In contrast, even high concentrations of Caspases-2 and -3 were unable to cleave p49 D94A or p35 D87A .
Ability of p49 to inhibit caspase enzymatic activity in S. cerevisiae
To check that the inhibition of yeast death conferred by coexpression of p49F ( Figure 3 ) was due to inhibition of the enzymatic activity of the caspases, we tested the ability of lysates from various co-transformants to cleave fluorogenic caspase substrates. Caspases-3, -8 and drICE efficiently cleave their preferred synthetic tetrapeptide substrates conjugated to 7-Amino-4-(trifluoromethyl)coumarin (AFC), so were analyzed for susceptibility to p49 inhibition fluorometrically. Consistent with the observation that p35F and p49F inhibited Caspase-3 and drICE-dependent yeast death, lysates co-expressing either p35F or p49F along with active Caspase-3 or drICE cleaved the substrate Ac-DEVD-AFC at a slower rate than lysates expressing the caspases alone ( Figure 5A ,B). Co-expression of p35F decreased the LEHDase activity of lysates co-expressing Caspase-8, but co-expression of p49F had no significant inhibitory effect ( Figure 5C ). Lysates from yeast co-expressing a caspase, together with proposed cleavage site mutants of p35F or p49F, cleaved the substrate at an equivalent rate to lysates from yeast expressing the caspase alone, confirming that mutation of the proposed cleavage sites of p35 and p49 abolished function.
The anti-apoptotic ability of p49
To characterize the ability of p49 to inhibit apoptosis in mammalian cells, plasmids encoding either p35, p49, XIAP or empty vector were co-transfected into three sensitive cell lines together with a marker expression plasmid either directing expression of Green Fluorescent Protein (GFP) or bgalactosidase. The co-transfected cells were scored for apoptosis either by morphological criteria (b-galactosidase co-transfections) or by annexin-V binding as measured flow cytometrically (GFP co-transfections). D270 glioblastoma cells are sensitive to treatment with either FasL (Apo1L/CD95L), TRAIL (Apo2L) or cisplatin, For all cells and stimuli tested, p49 conferred weaker protection against the apoptotic stimuli than p35 ( Figure 6 ). The degree to which p49 expression rescued the cells from the apoptotic stimuli varied with the treatment and the cell line used. The most striking protection conferred by p49 was against FasL and TRAIL-induced death in the D270 cell line (Figure 6A,C,G) .
Discussion
Inhibition of caspases has evolved in some viruses, presumably as a mechanism to inhibit defensive apoptosis of host cells which limits viral replication. The high level of evolutionary conservation of cell death pathways has meant that such viral proteins (including p35) are able to function in many systems and have contributed substantially to the elucidation of the role of caspases in many cell death pathways in mammals, worms and insects. The identification of a second member of the p35 family, p49, enhances our understanding of this family of proteins. p49 may, like p35, also be used as a tool to dissect cell death pathways and determine their components. This study represents the first analysis of the caspase inhibitory capabilities of p49 and its capacity to inhibit mammalian cell death.
Inhibition of caspase-dependent yeast death by p49
We previously developed a system in which yeast can be rescued from caspase-mediated toxicity by caspase inhibitors. This technique was used to evaluate the inhibitory potential of p49 with respect to a number of caspases.
As expected from its homology to p35, p49 was found to be a broad spectrum caspase inhibitor. p49 could inhibit yeast death mediated by human Caspases-2, -3, -5, -7, -8 and the Drosophila caspases DCP-1, drICE and DRONC. Although in general the protection conferred by p35 and p49 was similar, several differences were notable. The inhibition by p49 of Caspases-5 and -8 was weaker than that provided by p35, and p49 could not inhibit Caspase-4. In contrast, p49 inhibited the p35 insensitive Drosophila caspase, DRONC. This caspase is somewhat distinct in that it has a non-consensus active site pentapeptide (PFCRG) 31 and can process substrates with either an aspartate or a glutamate in the P1 position. 19 In addition, DRONC was the first caspase shown to be insensitive to inhibition by p35. 19, 20 p35 has also been reported by others to be incapable of inhibiting the processing of Caspase-3 triggered by Cytochrome c treatment of extracts using a reconstituted cell-free system. 22 Presumably Caspase-3 processing in this system is dependent on Caspase-9, implying that Caspase-9, like DRONC, is insensitive to p35 inhibition. Further evidence that Caspase-9 is not subject to inhibition by p35 under physiological conditions has also recently been published. 23 As described in the results section, an assessment of the ability of p49 to inhibit Caspase-9 was not feasible. and Caspase-8 (C) cleaved the caspase substrates, resulting release of free fluorescent AFC, compared to lysates from control empty vector-transformed yeast. Co-expression of wild-type p35F or p49F (but not their cleavage site mutants) with Caspase-3 (A) or drICE (B) resulted in slower substrate cleavage by those lysates, indicating that p35F and p49F did inhibit the enzymatic activity of the caspases. Co-expression of wild type but not mutant p35F with Caspase-8 (C) yielded less substrate cleavage, whereas the effect of co-expression of p49F on Caspase-8 activity was minimal 
Structure/function comparison between p35 and p49
Alignment of the predicted amino acid sequences of the p35 family members identified to date highlighted the regions of homology between the p49 and p35 members of this family, in particular at the amino and carboxyl terminal ends. Stretches of AcNPV ± p35, mainly in the carboxyl terminal half, have been previously shown to form loops between a-helices and b-sheets.
15 ± 18 Mutagenesis of such regions has little effect on p35 function, 13, 18 indicating the absence of a vital role for these regions. The corresponding sections of the two p49 proteins analyzed contained insertions relative to the p35 proteins, consistent with p49 having a similar structure to p35. Residues of p35 found to be crucial for function were conserved in both p49 proteins. 13, 18 The predicted reactive site loop of p49, based on sequence comparison with p35, encompassed the potential caspase cleavage site TVTD.
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As for p35, mutation of this predicted pseudosubstrate site in p49 abolished its caspase inhibitory activity, as discussed below. An unexpected byproduct of the alignment analysis was the demonstration that the predicted pseudosubstrate site of Heliothis armigera nucleopolyhedrovirus (HaNPV)-p35 comprises residues DQLV, lacking a P1 aspartate or glutamate residue. This p35 would therefore be predicted to be an ineffective caspase inhibitor.
Inhibition of caspase enzymatic activity by p49
Low expression and solubility of p49 using three bacterial expression systems (pET, pMAL and pGEX) made purification of p49 extremely difficult. Although p49 could be expressed at functional and detectable levels in yeast, it was not possible to isolate and purify p49 from yeast with sufficient yield and purity for quantitative biochemical analyses. Caspases-3, -8 and drICE exhibit sufficiently high rates of cleavage of their preferred tetrapeptide substrates that lysates from yeast expressing these active caspases had detectable fluorogenic substrate-cleaving activity. Lysates from yeast co-expressing p35, p49 or XIAP/DIAP-1 together with Caspase-3 or drICE had dramatically decreased substrate-cleaving ability compared with lysates from yeast expressing each caspase alone, however co-expression of the cleavage site p35 or p49 mutants had no such effect. This confirmed that the protection afforded by p35, p49 and XIAP/ DIAP-1 against drICE or Caspase-3-mediated yeast death was due to inhibition of the enzymatic activity of these caspases and that mutation of the proposed caspase cleavage site of p35 and p49 abolished their caspase inhibitory activity. Consistent with the weak protection conferred by p49 against Caspase-8 dependent yeast death, cleavage of Ac-LEHD-AFC by lysates from yeast expressing Caspase-8 was substantially diminished through co-expression of p35, but not p49.
Apoptosis inhibition by p49
p35 inhibits a wide range of cell death stimuli in diverse organisms. 10,32 ± 42 We have shown that like p35, p49 could also inhibit apoptosis induced by UV radiation and by death receptor signaling. The protection conferred by p49 expression was weaker than that conferred by p35. Both proteins exhibited the strongest apoptosis suppression in D270 cells treated with the death ligands. It is interesting that XIAP protected NT2 cells from UV-induced apoptosis better than did p35 or p49, given that the inhibitory potential of XIAP against the caspases tested was less than that of either p35 or p49. The most likely explanation relates to the ability of XIAP to inhibit Caspase-9. XIAP could prevent the Caspase-9/ Caspase-3 amplification loop triggered by UV treatment through inhibiting both caspases. As p35 appears not to inhibit Caspase-9 in cellular contexts, 22, 23 its ability to prevent UV-induced apoptosis would depend entirely on its efficient inhibition of downstream caspases such as Caspase-3 and it is therefore not surprising that the protection offered by p35 is somewhat weaker than XIAP.
As p35 has until recently been considered a universal caspase inhibitor, the inability of p35 to inhibit some forms of apoptosis is one line of evidence to suggest some apoptotic cell deaths may be`caspase independent'. 43 Another possible explanation is that such apoptotic pathways may utilize caspases such as DRONC, which are resistant to inhibition by p35. The demonstration that p49 is capable of inhibiting a p35-insensitive caspase may permit its use as a tool to determine potential components of such caspase independent' apoptotic pathways.
Materials and Methods

Sequence comparisons
Sequences for the known p35 and p49 proteins were aligned using ClustalW v1.7 and adjusted manually to reflect functional homology data. Genbank accession numbers for the sequences used were: BmNPV-p35, AY048772; AcNPV-p35, M16821; SpltNPV-p35, Y10254; HaNPV-p35, AF063105; SpliNPV-p49, AJ006751; SpltNPVp49, AF207549.
Plasmid construction
For yeast experiments, coding DNA sequences were expressed by inducible Gal1/10 promoters. 44 Plasmids expressing Caspase-3-LacZ, Caspase-7 53 , reverse drICE, DCP-1, DIAP-1, and XIAP have been previously described. 19, 26, 28 Other plasmids described below were generated by ligating coding sequences into BamHI/XbaI digested vectors unless otherwise stated. Caspase-2 was generated by PCR (oligonucleotides 1 and 2), cut with BglII and XbaI and ligated into BamHI/XbaI cut pGALL ± (LEU2) and pGALL ± (URA). Caspase-4 was generated by PCR (oligonucleotides 3 and 4) and ligated into pGALL ± (LEU2) and pGALL ± (URA). Caspase-5 (oligonucleotides 5 and 6) was amplified and ligated into pGALL ± (LEU2). was excised from pGALL ± (LEU2) ± Casp7 53 (Reference 26 ) and inserted into pGALL ± (URA). Caspase-8 (oligonucleotides 7 and 8) was inserted into pGALL ± (LEU2). DRONC was cloned from GALL ± (LEU2) 19 into GALS ± (LEU2) and GALL ± (URA). PCR was used to clone p49 (oligonucleotides 9 and 10) from pBSK p49 23 (kindly supplied by Dr. Nor Chejanovsky). The resulting p49 PCR product was digested and ligated into pGALL ± (HIS3). p49 was also amplified (oligonucleotides 11 and 10) and ligated into pEF 45 for mammalian expression. The CMV ± lacZ plasmid and pEF ± p35 have been previously described. 45 Site directed mutagenesis to generate p35 D87A and p49 D94A was performed using PCR. To generate p35 D87A , the amino terminal and carboxyl terminal fragments were amplified (oligonucleotides 12 and 13, 14 and 15 respectively), digested with BamHI/XhoI and XhoI/XbaI respectively and cloned into pGALL ± (HIS3) and pBluescript SKII+ for in vitro transcription/ translation. To generate p49 D94A , the amino terminal and carboxyl terminal fragments were amplified (oligonucleotides 16 and 17, 18 and 19 respectively), digested with BamHI/SacII and SacII/XbaI respectively and cloned into pBluescript SKII+ and pGALL-(HIS3). Carboxyl terminally FLAG-tagged p35 and p49 were generated by PCR. FLAG tagged p35 was amplified (oligonucleotides 20 and 21) and ligated into pGALL ± (HIS3) to give pGALL ± (HIS3) ± p35F. The intact Gal1/10 promoter was then replaced with a shorter, weaker version by inserting an ApaI ± BamHI fragment of pGALS ± (LEU2) 26 into ApaI ± BamHI digested pGALL ± (HIS3) ± p35F. Untagged p35 expressed under the control of the crippled GAL1/10 promoter was generated by inserting the SpeI ± SphI fragment of pGALL ± (HIS3) ± p35 into pGALS ± (HIS3) ± p35F. FLAG-tagged p49 was amplified with (oligonucleotides 22 and 23) and ligated into pGALS ± (HIS3) to give pGAL ± (HIS3) ± p49F. For expression of tagged cleavage site mutants in yeast, pGALS ± (HIS3) ± p35FD87A and pGALL ± (HIS3) ± p49F D94A were constructed. A BamHI-SalI fragment from pGALL ± (HIS3) ± p35 D87A was ligated into BamHI ± SalI-digested pGALS ± (HIS3) ± p35F to give pGALS ± (HIS3) ± p35F D87A . Similarly, pGALL ± (HIS3) ± p49F
D94A
was made by cloning a BamHI ± XhoI fragment from pGALL ± (HIS3) ± p49 D94A into BamHI ± SalI-digested pGALL ± (HIS3) ± p49F. All amplified fragments were sequenced to verify the absence of unintentional mutations.
The sequences of the oligonucleotides referred to above were as follows: 
Apoptosis assays
D270 and D645 cells were seeded and transfected as previously described. 29 Briefly, 10 5 cells/well were seeded in 24-well plates and co-transfected using 0.1 mg of CMV ± LacZ reporter plasmid and 0.9 mg of either pEF, pEF ± p35 or pEF ± p49. Cells were treated with either normal media, or indicated doses of FasL, TRAIL or cisplatin. 29 Cells were fixed and stained with 5-Bromo-4-chloro-3-indolyl b-Dgalactopyranoside and blue cells were scored using established morphological apoptotic criteria. 46 NT2 cells were similarly cotransfected with pEGFPN1 (Clontech) and either control or p49 expression plasmids and treated with specified doses of UV radiation. The cells were then harvested, stained with annexin-V and the percentage of apoptotic, GFP positive (transfected) cells was determined using flow cytometry as previously described. 29 
Yeast transformation and death assays
Sacchromyces cerevisae yeast strain W303a was transformed and analyzed in survival assays as previously described. 44 In an attempt to produce approximately comparable lethality, copy number and promoter strength of the expression plasmids for the various caspases were manipulated. The following caspase expression plasmids were used in the yeast death assays: Caspase-2, pGALL ± (LEU2) ± Casp2 and pGALL ± (URA) ± Casp2; Caspase-3, Caspase-3 ± LacZ; Caspase-4, pGALL ± (LEU2) ± Casp4 and pGALL ± (URA) ± Casp4; Caspase-5, pGALL ± (LEU2) ± Casp5; Caspase-7, pGALL ± (LEU2) ± Casp7 53 and pGALL ± (URA) ± Casp7; 53 Caspase-8, pGALL ± (LEU2) ± Casp8; DRONC, pGALS ± (LEU2) ± DRONC and pGALL ± (URA) ± DRONC; drICE, pGALL ± (LEU2) ± rev ± drICE; DCP-1, pGALL ± (LEU2) ± DCP-1.
For yeast-based death assays, single transformants bearing each desired combination of expression plasmids were grown until stationary phase in selective repressing medium. After washing three times in Tris HCl 10 mM pH8, EDTA 1 mM (TE), five microlitres of serial fivefold dilutions of each transformant suspension (from OD 550 =0.086) were spotted onto inducing and repressing selective minimal medim plates.
Protein assays from yeast
Transformants were grown and expression induced as previously described. 19 Immunoblotting was performed as previously reported. 19 For fluorometric analysis of caspase activity in yeast lysates, yeast induced for 6 h were pelleted, washed once in TE and resuspended in 300 ml of cold lysis buffer (Tris HCl 50 mM pH 7.5, NaCl 375 mM, Triton X100 1%, EDTA 1 mM). After sonicating for 10 s, the intact yeast were removed by centrifuging at 15 k r.p.m. for 1 min. The protein concentration of the supernatant was measured using the Bicinchoninic acid protein assay kit (Sigma) and samples diluted to 0.5 mg/ml. Fifty microlitres of each lysate was mixed with Ac ± DEVD ± AFC or Ac ± LEHD ± AFC (50 mM) in activity buffer 29 and the fluorescence (excitation 390 nm, emission 520 nm) measured every 2 min for 90 min and the background fluorescence was subtracted. The maximal slope of the curve was determined and the change in concentration of free AFC per minute calculated as a measure of caspase activity.
S protein cleavage assays
35 S-labeled substrates were generated using coupled in vitro transcription/translation (TNT, Promega) and incubated with various concentrations of caspases for 1 h at 378C. Recombinant caspases were purchased from BioMol and the manufacturer's recommended reaction buffer was used. Cleavage products were resolved using 10% SDS ± PAGE, transferred to Hybond-P membrane (Amersham) and the membranes subjected to autoradiography (using Kodak MR1 film).
